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We report here the results of searching for inelastic scattering of dark matter (initial and final
state dark matter particles differ by a small mass splitting) with nucleon with the first 79.6-day of
PandaX-II data (Run 9). We set the upper limits for the spin independent WIMP-nucleon scattering
cross section up to a mass splitting of 300 keV/c2 at two benchmark dark matter masses of 1 and
10 TeV/c2.
After more than 30 years of experimental effort,
Weakly Interactive Massive Particles (WIMPs) remain
hidden in most recent dark matter direct detection ex-
periments (see Ref. [1] and [2] for a recent review). One
possible explanation for the null results in these experi-
ments is that the elastic scattering between the WIMPs
and nucleon is heavily suppressed. In some theoretical
scenarios [3–5], inelastic scattering, in which the dark
matter particle converts to an excited state particle with
a small mass splitting between the two, becomes domi-
nant. This could explain the observed annual modulation
in the DAMA/LIBRA data [6], but the annual modu-
lation in signal was incompatible with the results from
several other different experiments [7, 8]. In a recent
study [9], the inelastic scenario was reconsidered in the
full range of inelastic mass splitting allowed by kinemat-
ics. The authors argued that the direct detection experi-
ments employing targets with heavy nuclei could be used
to explore the so-called “inelastic frontier” - in which the
dark matter mass splitting is in several hundred keV/c2
range. They hypothesized that the four events with high
nuclear recoil energy identified by the CRESST experi-
ment [10] might be due to the WIMP inelastic scattering.
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Following the suggestion in Ref. [9], in this article, we re-
port a search of the WIMP inelastic scattering using the
data from the first physics run of the PandaX-II exper-
iment from March 9 to June 30, 2016 (Run 9, 79.6 live
days).
The PandaX-II detector has been described in de-
tail in Ref. [11]. The central component is a dual-
phase xenon time-projection-chamber (TPC) with a do-
decagonal cross section confined by polytetrafluoroethy-
lene (PTFE) walls, with a sensitive xenon target mass
of 580 kg. The primary scintillation photons (S1) and
the secondary proportional scintillation (S2) are detected
by two arrays of Hamamatsu R11410-20 photomultipliers
(PMTs) located at the top and bottom. In comparison
to the elastic WIMP scattering, due to the mass splitting
δ, only WIMPs with sufficiently large velocity (or kinetic
energy) relative to the nucleus could be scattered inelas-
tically, resulting in a reduced phase space. A non-zero
minimal recoil energy EminR also arises from the require-
ment on the minimum kinetic energy.
Suppression of the kinetic phase space in inelastic
WIMP-nucleus scattering can be described by the mini-
mal required relative velocity vmin for a given recoil en-
ergy ER. It is
vmin =
1√
2ERmN
(
ERmN
µ
+ δ
)
, (1)
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2where mN is the mass of target nucleus and µ is the
reduced mass of the system. The global minimal velocity
is determined only by the mass splitting and the reduced
mass,
vglobalmin =
√
2δ
µ
. (2)
Therefore, a more massive WIMP will lead to larger µ
and smaller vglobalmin , resulting in a lesser suppression of
the phase space. Since most of the nuclei used for dark
matter detection have a mass on the order of 100 GeV/c2,
when WIMP mass is larger than 10 TeV/c2, µ approaches
mN and v
global
min approaches a constant. Therefore, we se-
lected 1 TeV/c2 and 10 TeV/c2 as two reference dark
matter masses to perform the analysis, following the de-
tailed discussion in Ref. [9].
The differential energy spectrum of inelastic scattering
is given by
dR
dE
=
ρ0
mχmN
∫ vmax
vmin
dσ
dE
vf(~v, t) d3v , (3)
where ρ0 is the local density of WIMPs, mχ is the WIMP
mass, dσ/dE is the differential scattering cross section,
and f(~v, t) is the WIMP velocity distribution in the
earth’s rest frame. The formula has the same form as
that of the elastic scattering, with the only difference
coming from the lower limit vmin of the integral of ve-
locity distribution. The upper limit vmax is determined
by the escape velocity vesc of dark matter in the Galaxy.
We consider the DM-nuclei scattering to be spin and en-
ergy independent, in which the differential cross section
dσ/dE takes the form of
dσ
dE
=
mNσn
2µ2nv
2
· (Z · fp + (A− Z) · fn)2F 2SI(E). (4)
The parameter µn is the reduced mass of the WIMP-
nucleon system, and σn is the spin independent (SI)
WIMP-nucleon cross section at zero momentum trans-
fer in the elastic (δ = 0) limit. fn,p are the effective
WIMP coupling to neutron and proton, respectively. Z
and A are the atomic and mass number of the target
nucleus. F 2SI(E) is the SI nuclear form factor, and we
use the Helm parameterization [12] in our analysis[13].
Three WIMP parameters are required to calculate the
spectrum. mχ, σn are explicit in Eqn. 4, and the third
one, δ, determines the lower limit vmin of the integral.
With the standard assumptions ρ0 = 0.3 GeV/c
2/cm3,
vesc = 544 km/s, the solar system average circular veloc-
ity 220 km/s, and the average earth velocity 232 km/s,
we calculate the expected event rate for inelastic scatter-
ing by taking the SI WIMP-nucleon cross section σn to
be 10−40 cm2 at the dark matter mass of 1 TeV/c2 and
10 TeV/c2, respectively, with four different mass splitting
values. The results are shown in Fig. 1. The minimal re-
coil energy is below 40 keV for both dark matter masses
when δ = 200 keV/c2, so it could be accessed with the
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FIG. 1: The expected event rate for scattering between
WIMPs and Xe nuclei at the WIMP masses of 1
TeV/c2 (top) and 10 TeV/c2 (bottom), respectively,
and the mass splitting values of 0, 100, 200, 300 keV/c2.
The SI WIMP-nucleon cross section σn is fixed at 10
−40
cm2. The rate is given in the unit of keV−1kg−1day−1
(DRU).
previously published PandaX-II data [14]. But for the
case that δ = 300 keV/c2, the minimal recoil energy is
larger than 100 keV/c2 for mχ = 1 TeV/c
2, therefore
falling out of the energy range of the same data selec-
tion.
In PandaX-II, the data selection is made by requiring
S1 and S2 be within a certain range (acceptance). In
combination with other data selection cuts, these cor-
respond to an overall detection efficiency curve as a
function of true nuclear recoil energy. In the analysis
of SI elastic WIMP-nucleon scattering with PandaX-II
data [14], the reported average energy window was be-
tween 4.6 to 35.0 keVnr (nuclear recoil energy). However,
due to the smearing of S1 and S2, nuclear recoil events
with energy up to 100 keVnr could still enter into the
search window, as indicated in Fig. 2.
The expected signal distributions of log10(S2/S1) ver-
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FIG. 2: The detection efficiency of PandaX-II
experiment as a function of the nuclear recoil energy.
The dark blue curve represents the selection efficency of
data quality cuts (see Ref. [14]). The red dashed line is
obtained with additional S1 range cut of (3, 45) PE and
an upper range of 10,000 PE for S2. The blue solid line
is obtained with an extended S1 and S2 window: S1
within (3, 100) PE, and S2 less than 12,000 PE.
sus S1 for 1 TeV/c2 WIMP with different values of δ in
PandaX-II are shown in Fig. 3. Besides the parameters
used to calculate the event rate, detector parameters in-
cluding the photon detection efficiency (PDE), electron
extraction efficiency (EEE), single electron gain (SEG),
and the electron lifetime, are used to generate the dis-
tributions. To simulate S1 and S2 given a nuclear recoil
energy, the NEST model [15] was used. At a given value
of σn, with the increasing of mass splitting, the expected
number of event decreases, and the signal band moves
towards higher energy. But a sizable fraction of events
can still be found with S1 <100 PE even when δ = 300
keV/c2.
We followed the identical data selection procedure re-
ported in Ref. [14]. All data quality cuts remained the
same. After the same fiducial volume cut, the liquid
xenon mass was estimated to be 329 ± 16 kg. The total
exposure in Run 9 is about 2.6 × 104 kg-day. The final
candidate selection was made by expanding the S1 upper
window to 100 PE and S2 (corrected) upper window to
12,000 PE, corresponding to an average upper energy of
18.3 keVee or 68.6 keVnr. Though a higher nuclear re-
coil energy window has been studied by XENON100 [16],
we conservatively choose the value of 100 PE with two
considerations. Firstly, the ER background in higher en-
ergy region is greatly enhanced by the 33 keV K-shell
x ray generated in the 127Xe electron capture process.
Secondly, our ER background model is only optimized in
the region with energy up to the end-point decay energy
of tritium, i.e., 18.6 keVee. This improves the detection
efficiency for events with higher nuclear recoil energies,
as shown in Fig. 2. In total, 716 events are observed with
the expanded signal window. Based on the same back-
FIG. 3: The expected signal distribution of
WIMP-nucleon scattering at the WIMP mass of mχ = 1
TeV/c2 and the mass splitting δ values of 0, 100, 200
and 300 keV/c2, with one set of PandaX-II detector
condition parameters. The SI WIMP-nucleon cross
section σn is fixed at 10
−40 cm2. The total expected
event rates at each mass splitting are 5.16, 0.21,
5.23×10−4 and 3.18× 10−7 evt/kg/day, respectively.
The 35% quantile of the NR band from AmBe
calibration (red dashed line) is overlaid in each plot.
ER Accidental Neutron Total
Expected
Total
Observed
Run 9 729.4 14.2 1.1 744±88 716
Below 35%
quantile of
NR band
2.52 0.73 0.42 3.7±0.4 4
TABLE I: The expected background events in Run 9
with expanded signal window. The fractional
uncertainties of expected events are the same as those
in Ref. [14].
ground model as in Ref. [14], the expected total number
of background events is 744±88. The expected back-
ground composition can be found in Table I.
The spatial distribution of events before and after the
FV cut with the extended signal range is shown in Fig. 4.
The events show good uniformity within the FV. The
log10(S2/S1) vs. S1 distribution of these events is shown
in Fig. 5. The reference line is chosen to be the 35%
quantile of the calibration AmBe NR band reported in
Ref. [14]. Four events are identified below the line. They
are also marked in Fig. 4. The event with the smallest
S1 value was also reported in Ref. [14]. The event with a
S1 value of 51.8 PE appeared at the top edge of the FV.
After further investigation of its waveform, we found that
this event contains spurious signals which could be pro-
duced by the discharge on the electrodes. The waveforms
4FIG. 4: Spatial distribution of events before the FV cut
with expanded signal window (gray points), and those
of events below the reference acceptance line (outside
FV: red points; inside FV: blue triangles). The FV cuts
are indicated by the black dashed lines.
S1 (PE)
0 10 20 30 40 50 60 70 80 90 100
(S
2/S
1)
10
 
lo
g
0.5
1
1.5
2
2.5
3
3.5
FIG. 5: The log10(S2/S1) vs. S1 distribution of
selected events within the expanded signal window. A
reference acceptance line is indicated as the red dashed
line, below which four events (blue triangles) are
identified.
of the other two events are of good quality. The event
with a S1 value of 55.0 PE has a larger distance from the
reference line, but it is located close to the bottom of the
FV.
We used all final 716 candidates to derive the exclusion
limits for the scattering cross section between WIMPs
and nucleons at the two reference dark matter masses of 1
TeV/c2 and 10 TeV/c2. The profile likelihood fitting was
applied to the distribution of S1 and S2. We used iden-
tical background models from Ref. [14]. The final 90%
confidence level (C.L.) cross section upper limits were cal-
culated with the CLs approach [17, 18], and are shown
in Fig. 6. In both cases, our limit curves lie between the
1-σ and 2-σ sensitivity bands when the mass splitting is
within the (100, 200) keV/c2 range, as a result of three
observed events below the reference acceptance line. The
limit calculated with data in the original signal window
(S1 between 3-45 PE), also shown in the figure, is tighter
at lower mass splitting, since only one event was found
below the reference line. To study the impact of nuclear
recoil model to the derived limit, we also plot the limits
calculated based on the “best-tuned” NEST from LUX
D-D calibration [19] for a WIMP-mass of 1 TeV/c2. Due
to reduction of the NR acceptance, the alternative limit is
weaker but not too far beyond the +1σ sensitivity band.
In comparison to the earlier phenomenological treatment
(up to about 200 keV/c2 for LUX-PandaX-II) in Ref. [9],
this analysis extends to a wider mass splitting range up
to 300 keV/c2. Our results are also incompatible with
the hypothesis that the four high nuclear recoil events
observed by CRESST [10] were due to inelastic WIMPs
with a mass of 1 TeV/c2 and mass splitting around 200
keV/c2 (which would suggest a cross section at O(10−39)
cm2).
In conclusion, we report the inelastic WIMP search re-
sults using PandaX-II Run 9 data with an exposure of
2.6× 104 kg-day. We expanded the search signal window
and set the 90% upper limits on the SI WIMP-nucleon
cross section for the first time for dark matter masses of
1 TeV/c2 and 10 TeV/c2 with inelastic mass splittings
up to 300 keV/c2. The search strategy can be further
improved with the continuation of the PandaX-II opera-
tion, which will amount to a factor 4 increase in the total
exposure.
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FIG. 6: The 90% C.L. upper limits (red solid line) for
the SI WIMP-nucleon cross section σn from the
PandaX-II run 9 data with expanded signal window at
two reference dark matter masses of 1 TeV/c2 (top) and
10 TeV/c2 (bottom). The 1 and 2-σ sensitivity bands
are shown in green and yellow, respectively, and the
medians of the sensitivity band are given in black
dashed line. The red dotted line gives the upper limits
calculated with the original data selection window.
Upper limits calculated with a tuned NEST model by
LUX are indicated by the blue solid line. The blue
squares indicate the possible WIMP mass splittings and
nucleon scattering cross sections by the CRESST
data [9].
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